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Abstract 19	

Determining preferential solar wind conditions leading to efficient radiation belt electron 20	

acceleration is crucial for predicting radiation belt electron dynamics. Using Van Allen 21	

Probes electron observations (> 1 MeV) from 2012 to 2015, we identify a number of 22	

efficient and inefficient acceleration events separately to perform a superposed epoch 23	



analysis of the corresponding solar wind parameters and geomagnetic indices. By directly 24	

comparing efficient and inefficient acceleration events, we clearly show that prolonged 25	

southward Bz, high solar wind speed, and low dynamic pressure are critical for electron 26	

acceleration to > 1 MeV energies in the heart of the outer radiation belt. We also evaluate 27	

chorus wave evolution using the superposed epoch analysis for the identified efficient 28	

and inefficient acceleration events and find that chorus wave intensity is much stronger 29	

and lasts longer during efficient electron acceleration events, supporting the scenario that 30	

chorus waves play a key role in MeV electron acceleration.  31	

1. Introduction 32	

Outer radiation belt electrons often exhibit highly dynamic variations [Blake et al., 33	

1992; Li et al., 1993; Friedel et al., 2002] due to a competition between various loss and 34	

acceleration processes [Reeves et al., 2003; Li et al., 2007; Fok et al., 2008; Albert et al., 35	

2009; Xiao et al., 2009; Turner et al., 2014]. The response of different populations of 36	

electrons with various energies to the same geomagnetic storm can be distinctly different, 37	

since 10s-100s keV electron fluxes are enhanced rapidly in association with substorm 38	

injections while the timescale for the dynamic response of MeV electrons is typically 39	

much longer (~ day) [e.g., Li et al., 2005; Meredith et al., 2011; Li et al., 2014a; Turner 40	

et al., 2014]. In this study, we focus on the analysis of highly-relativistic electron 41	

dynamics (> 1 MeV), since these so-called “killer” electrons are known to pose 42	

significant risks to operating satellites and can potentially cause satellite anomalies or 43	

failure [Baker, 1998; Webb and Allen, 2004; Choi et al., 2011].  44	



It is critical to determine the preferential solar wind conditions leading to MeV 45	

electron acceleration, since this is a key step towards predicting their evolution based on 46	

preceding solar wind conditions. Important solar wind parameters driving relativistic 47	

electron dynamics have been extensively studied in the past few decades. Paulikas and 48	

Blake [1979] and Baker et al., [1979] using geosynchronous electron data found that 49	

average electron fluxes correlate positively with corresponding averages of the solar wind 50	

velocity. A recent “revisited” study by Reeves et al. [2011] using a longer-running data 51	

set (1989-2010) from the Los Alamos National Laboratory energetic particle instruments 52	

has found a triangle-shaped distribution rather than a linear correlation between solar 53	

wind speed and electron fluxes, suggesting that the relationship between radiation belt 54	

electron fluxes and solar wind velocity is more complex than previously thought. 55	

However, in a multi-event study using the Wind spacecraft data during solar minimum, 56	

Blake et al. [1997] found that relativistic electron enhancement not only depends on a 57	

substantial solar wind speed increases, but also on a southward turning of the 58	

interplanetary magnetic field, which is further supported by Iles et al. [2002] and 59	

McPherron et al. [2009]. Southward turning of the interplanetary magnetic field is 60	

associated with an increase in the seed electron fluxes from a few tens to a few hundreds 61	

keV, and these seed electron populations can subsequently be accelerated to highly 62	

relativistic (> 1 MeV) energies [Baker et al., 1998; Li et al., 2012; Boyd et al., 2014; 63	

Jaynes et al., 2015]. Lyatsky and Khazanov [2008] have examined the relationship 64	

between > 2 MeV electron fluxes at geosynchronous orbit and solar wind parameters and 65	

found that in addition to the positive correlation with the solar wind speed, relativistic 66	

electron fluxes decrease with increasing solar wind density. In a very recent paper by Kim 67	



et al. [2015], they concluded that sustained south-oriented or north-south fluctuating 68	

interplanetary magnetic field (IMF) Bz and small solar wind density are crucial for 69	

electron enhancements at geosynchronous orbit regardless of geomagnetic storms. In 70	

summary, previous studies have demonstrated the potential importance of solar wind 71	

velocity, interplanetary magnetic field polarity, and solar wind density. However, many 72	

of the previous studies [Paulikas and Blake, 1979; Baker et al., 1986; Li et al., 2001, 73	

2005; Lyatsky and Khazanov, 2008; Borovsky and Denton, 2009; McPherron et al., 2009; 74	

Reeves et al., 2011; Kim et al., 2015] have evaluated electron fluxes at geosynchronous 75	

orbit, which is well beyond the region where the radiation belt electron fluxes typically 76	

peak and also include adiabatic changes which may not represent a net change in electron 77	

phase space density (PSD). Therefore, a careful examination is needed to further 78	

determine the important solar wind parameters relevant to MeV electron acceleration.  79	

Regarding the dominant acceleration mechanism of radiation belt electrons to MeV 80	

energies, a number of studies have clearly shown that chorus waves are fundamentally 81	

important for accelerating seed electrons to highly-relativistic energies through efficient 82	

energy diffusion [Horne and Thorne, 1998; Summers et al., 2002; Horne et al., 2005; Tao 83	

et al., 2009; Reeves et al., 2013; Thorne et al., 2013; Li et al., 2014a; Tu et al., 2014]. On 84	

the other hand, radial diffusion caused by Ultra Low Frequency (ULF) waves also plays 85	

an important role in redistributing electrons depending on the radial gradient of the 86	

electron PSD and thus accounts for either acceleration through inward radial diffusion or 87	

loss of energetic electrons to the magnetopause through outward radial diffusion [e.g., 88	

Elkington et al., 1999; Hudson et al., 1999; Mathie and Mann, 2000; Perry et al., 2005; 89	

Ukhorskiy et al., 2009; Huang et al., 2010; Turner et al., 2012]. Therefore, it will be very 90	



interesting to compare the chorus and ULF wave evolution during efficient and 91	

inefficient electron acceleration events separately to determine their roles in MeV 92	

electron acceleration. 93	

In this study, we focus on evaluating important solar wind conditions leading to 94	

efficient electron acceleration in the heart of the outer radiation belt using high-resolution 95	

electron measurements from Van Allen Probes, which provide excellent coverage over 96	

the core region of the Earth’s radiation belts. Through a superposed epoch analysis for a 97	

number of efficient and inefficient electron acceleration events separately, we clearly 98	

identify the essential solar wind conditions leading to MeV electron acceleration. 99	

Furthermore, we also perform a superposed epoch analysis of the global chorus wave 100	

activity for the selected efficient and inefficient acceleration events to determine their 101	

correlation with MeV electron acceleration. 102	

2. Methodology 103	

2.1. Electron Data Analysis from Van Allen Probes 104	

The twin Van Allen Probes [Mauk et al., 2012] have provided an excellent platform 105	

for measuring wave and particle evolution in the heart of the radiation belts (< 6 RE) since 106	

their launch in August 2012. Radiation belt electron evolution is analyzed using the data 107	

from the Van Allen Probes Relativistic Electron Proton Telescope (REPT) [Baker et al., 108	

2013; Spence et al., 2013] instrument, which measures electron fluxes from ~ 1.8 MeV to 109	

> 10 MeV with fine resolution in energy (8 different channels) and pitch angle (36 bins) 110	

and thus enables us to evaluate the true non-adiabatic changes by calculating electron 111	

PSD for constant adiabatic invariants, as discussed below. 112	



2.2. Calculation of Chorus Wave Intensity Using POES Electron Measurements 113	

Chorus wave intensity evolution on a global scale is critical to evaluate the overall 114	

contribution of chorus waves to radiation belt electron dynamics. In this study, we adopt 115	

a novel technique of calculating chorus wave intensity from the ratio of the precipitated 116	

and trapped electron fluxes (30-100 keV) measured by multiple POES satellites to 117	

construct the evolution of chorus wave intensity on a global scale. This technique has 118	

been validated by analyzing a number of conjunction events [Li et al., 2013, 2014b; de 119	

Soria-Santacruz et al., 2015] and the details of this technique are described in Li et al. 120	

[2013] and Ni et al. [2014]. The great advantage of this technique is that multiple low-121	

altitude POES satellites with a short orbital period (~100 min) enable us to construct a 122	

global dynamic model of chorus wave intensity over a broad region of L-shell and MLT 123	

for individual events, which cannot be obtained from the limited number of near-124	

equatorially orbiting satellites alone. 125	

3. Case Analysis for Efficient and Inefficient Acceleration Events 126	

Figure 1 shows an example of an efficient electron acceleration event, which occurred 127	

during the 8-9 Oct 2012 geomagnetic storm, together with solar wind parameters and 128	

geomagnetic indices. SYM-H index exhibited a double dip (Figure 1d) associated with 129	

the corresponding disturbances in AL (Figure 1e). During the first dip (06-18 UT on 8 130	

Oct 2012), the solar wind dynamic pressure (Figure 1a) was elevated up to ~8 nPa, the 131	

solar wind speed (Figure 1b) remained less than 400 km/s, and the IMF in GSM 132	

coordinate (Figure 1c) remained in the southward direction for several hours followed by 133	

a northward turning. Electron fluxes (Figures 1f-1h) measured by both Van Allen Probes 134	



A and B were averaged every 3 hours within each 0.2 L bin for various energies (1.8, 3.4, 135	

and 5.2 MeV) and exhibited decreases during the first dip. To evaluate the non-adiabatic 136	

changes, the electron PSD was calculated for a constant first adiabatic invariant ( = 137	

3433 MeV/G) and second adiabatic invariant (K = 0.10 G1/2RE) and is shown in Figure 1i 138	

as a function of L-shell. For this given  = 3433 MeV/G, the corresponding electron 139	

energy varies from ~ 2−3 MeV at ~ 6 RE to ~7−8 MeV at ~3 RE. For the adopted K = 0.10 140	

G1/2RE, the corresponding electron pitch angles change from ~40° to  ~90° over the 141	

trajectories of Van Allen Probes A and B, which were mostly within 15° of the 142	

geomagnetic equator. In each 3-hour bin, we calculated the maximum PSD (PSDmax) over 143	

2.5-6 RE and show it in Figure 1j. PSDmax reached a minimum near the end of the first dip 144	

and started to increase substantially during the second dip. We defined the zero epoch 145	

time when this PSDmax reaches a minimum value, as indicated by the vertical magenta 146	

line, and used the same definition in the superposed epoch analysis discussed in Section 147	

4. Figure 1k shows chorus wave intensity averaged over all MLT sectors obtained from 148	

the POES technique, as mentioned in Section 2.2. During the acceleration interval within 149	

the second dip chorus wave intensity was persistently strong for ~16 hours over 3-6 RE, 150	

and when chorus wave intensity became weaker after ~12 UT on 9 Oct 2012, the PSDmax 151	

was essentially unchanged. These observations support the scenario that chorus waves 152	

play a key role in accelerating electrons to the MeV range [Summers et al., 2002; Horne 153	

et al., 2005; Reeves et al., 2013; Thorne et al., 2013; Li et al., 2014a; Tu et al., 2014]. 154	

Figure 2 shows an inefficient acceleration event, which occurred around 1 Oct 2012, 155	

using the same format as Figure 1. In association with the significant increase in the solar 156	

wind dynamic pressure (Figure 2a), multi MeV electron fluxes (Figure 2f-2j) exhibited a 157	



substantial decrease probably due to the dominant magnetopause shadowing effect, as 158	

discussed in detail in Turner et al. [2014] for this event. During the recovery phase of the 159	

storm, the solar wind dynamic pressure remained at a modest value, the solar wind 160	

velocity (Figure 2b) was less than 400 km/s, and the IMF was directed in the northward 161	

direction for over 24 hours, leading to extremely weak substorm activities (Figure 2e). 162	

Consequently, MeV electron fluxes barely recovered after the dropout and were much 163	

smaller than the prestorm value. Chorus wave activity (Figure 2k) was strong in the 164	

prestorm period along with the ongoing substorm activities, but was extremely weak in 165	

the recovery phase in association with weak substorm activities. Similarly, we defined the 166	

zero epoch time when the PSDmax reached a minimum (dashed vertical magenta line), and 167	

used it in the following superposed epoch analysis discussed in Section 4.  168	

4. Superposed Epoch Analysis for Efficient and Inefficient Acceleration Events 169	

Over the period from 1 October 2012 to 1 April 2015 we identified 16 Efficient 170	

Acceleration (EA) and 17 Inefficient Acceleration (IA) events to perform a superposed 171	

epoch analysis. We defined an EA (IA) event if the PSDmax decreased at least by a factor 172	

of 5 within 2 days prior to the zero epoch time and the maximum PSDmax within 2 days 173	

after the zero epoch time is larger (smaller) than 10-8 (10-9) c3 MeV-3 cm-3. We note that 174	

we did not limit the event selection to geomagnetic storms but selected the events based 175	

on electron PSDmax evolution. This definition allows us to identify the clear EA and IA 176	

events regardless of the geomagnetic storm size. 177	

Figure 3 shows the superposed epoch analysis result for 16 EA events.  As shown in 178	

Figure 3g, electron PSDmax starts to rise at around the zero epoch time, after which the 179	



solar wind dynamic pressure (Figure 3a) was mostly < 2 nPa, the solar wind velocity 180	

(Figure 3b) was elevated to ~ 500 km/s. The most intriguing feature is the prolonged 181	

southward IMF Bz (Figure 3c) present after the zero epoch time lasting longer than 16 182	

hours, which is associated with strong disturbances in both SYM-H (Figure 3e) and AL 183	

(Figure 3f) and favorable for providing source and seed electron populations together 184	

with chorus wave intensification [e.g., Miyoshi and Kataoka, 2008; Li et al., 2012]. 185	

However, just prior to the zero epoch time when the electron PSD decreases, the solar 186	

wind dynamic pressure substantially increased up to ~ 8 nPa, the solar wind velocity 187	

increased from 350 to ~ 500 km/s, and Bz remained in the southward direction for ~ 12 188	

hours. As shown in Figure 3d, the magnetopause location on the subsolar distance (LMP) 189	

estimated based on the equation in Shue et al. [1998] moved inward to LMP ~ 8.5 prior to 190	

the zero epoch time, but moved out beyond LMP ~ 10 during the acceleration interval. 191	

Both the high solar wind dynamic pressure and southward Bz are favorable for causing 192	

electron dropouts [e.g., Lyatsky and Khazanov, 2008; Yuan and Zong, 2013; Gao et al., 193	

2015] probably due to the efficient magnetopause shadowing effect followed by the 194	

outward radial diffusion process [Shprits et al., 2006; Turner et al., 2012], which is also 195	

shown in the inward movement of LMP from ~11 to ~8.5 prior to the zero epoch time. 196	

Chorus wave intensity inferred from the POES technique is averaged over a broad range 197	

of MLT sectors and the superposed epoch analysis result for the identified 16 EA events 198	

is shown in Figure 3h. The chorus wave intensity is persistently strong within 24 hours 199	

after the zero epoch time, when the efficient electron acceleration occurs. Moreover, 200	

when chorus becomes weaker after 24 hours, the electron PSDmax also increases much 201	

more slowly. These features support the scenario that chorus waves play an important 202	



role in accelerating electrons to MeV energies [e.g., Summers et al., 2002; Horne et al., 203	

2005; Thorne et al., 2013]. It is interesting to note that although chorus waves were 204	

strong several hours prior to the zero epoch time, the PSDmax decreases during this 205	

interval probably due to the following reason. Over several hours prior to the zero epoch 206	

time, the solar wind dynamic pressure was high and the magnetopause was moved closer 207	

to the Earth, which favors the magnetopause shadowing loss to be effective and dominant 208	

over the chorus-driven electron acceleration, as discussed above.  209	

A superposed epoch analysis is also performed for 17 IA events and the results are 210	

shown in Figure 4. Just after the zero epoch time, the electron PSDmax exhibits a very 211	

slow recovery (Figure 4g), during which the solar wind dynamic pressure (Figure 4a) was 212	

low and the solar wind speed (Figure 4b) was less than 450 km/s. Interestingly, IMF Bz 213	

(Figure 4c) remained in the northward direction for over 24 hours after the zero epoch 214	

time, which led to very weak disturbances in both SYM-H (Figure 4e) and AL (Figure 4f) 215	

together with weak chorus wave intensity (Figure 4h). The magnetopause (Figure 4d) 216	

was moved inward to LMP ~ 8 in association with the PSDmax decrease prior to the zero 217	

epoch time, but gradually moved out beyond LMP ~ 10 subsequently. 218	

In Figures 5a-5g we directly compare the superposed epoch analysis results of the 219	

solar wind conditions and geomagnetic indices during EA (red) and IA (blue) events. The 220	

most significant difference is that during EA events the IMF Bz (Figure 5c) was 221	

persistently in the southward direction during the acceleration interval in contrast to the 222	

northward Bz during IA events. The solar wind velocity (Figure 5b) during EA events is 223	

larger than that during IA events, whereas the solar wind dynamic pressure (Figure 5a) 224	

during EA and IA events after the zero epoch time is comparable. The movement of the 225	



magnetopause location (Figure 5d) is not distinctly different during EA and IA events, 226	

which may also suggest that the loss driven by the magnetopause shadowing effect is 227	

likely to be comparable. The disturbances in AL (Figure 5e) and SYM-H (Figure 5f) are 228	

larger during EA events compared to those during IA events. Moreover, the chorus wave 229	

intensity during EA events (Figure 5h) is apparently much stronger and more persistent 230	

than that during IA events (Figure 5i), which again supports that chorus waves are 231	

fundamentally important for MeV electron acceleration. Therefore, we clearly 232	

demonstrate that the most important solar wind conditions leading to efficient electron 233	

acceleration include prolonged southward Bz and high solar wind speed. Although not 234	

explicitly shown by comparing EA and IA events, the comparison before and after the 235	

zero epoch time of EA events clearly suggests that the low solar wind dynamic pressure 236	

is also critical to increase the rate of electron acceleration by locating the magnetopause 237	

boundary farther away from the Earth, thus minimizing the loss to the magnetopause. For 238	

example, in Figure 3 the IMF Bz remains in the southward direction and the solar wind 239	

velocity stays high from several hours prior to the zero epoch time, but PSDmax only 240	

increases after the zero epoch time when the solar wind dynamic pressure becomes low.  241	

5. Summary and Discussion 242	

In the present paper, we determined the preferential solar wind conditions leading to 243	

MeV electron acceleration by performing a superposed epoch analysis for a number of 244	

efficient and inefficient electron acceleration events separately using the Van Allen 245	

Probes electron data from 1 Oct 2012 to 1 April 2015. Our superposed epoch analysis 246	

results clearly show that (1) prolonged southward Bz, (2) high solar wind speed, and (3) 247	

low solar wind dynamic pressure are critical to lead to efficient MeV electron 248	



acceleration, and the acceleration is most efficient when all three of these conditions are 249	

operating simultaneously. We also evaluated the chorus wave evolution using the POES 250	

technique [Li et al., 2013; Ni et al., 2014] during efficient and inefficient acceleration 251	

events and found that chorus wave intensity is much stronger and lasts longer over a 252	

broad region during efficient acceleration events. This is consistent with the scenario that 253	

chorus waves play an essential role in MeV radiation belt electron acceleration. 254	

This analysis has been performed using the 2.5 years of Van Allen Probes data from 1 255	

Oct 2012 to 1 April 2015, which is near the solar maximum of the Cycle 24. Although 256	

the data coverage is limited, the Van Allen Probes electron data enable us to evaluate the 257	

non-adiabatic changes in MeV electron evolution over a broad region of the outer 258	

radiation belt (not limited to the geosynchronous orbit) due to the high-quality electron 259	

measurements with fine resolution in both energy and pitch angle. Furthermore, low-260	

altitude electron measurements made by multiple POES satellites provide the global 261	

distribution of chorus wave intensity in an event-specific perspective, which cannot be 262	

obtained by statistical results or direct wave measurements made by near-equatorially 263	

orbiting satellites alone. 264	

Since we have identified the most important solar wind conditions leading to efficient 265	

electron acceleration, it will be interesting to use the combination of these parameters to 266	

test and further predict the spatiotemporal evolution of the highly-relativistic electrons 267	

over the entire outer radiation belt. However, this is beyond the scope of the present study 268	

and is left for future investigation.  269	

 270	
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Figure captions 472	



Figure 1. A representative example of an efficient radiation belt electron acceleration 473	

event, which occurred during the 8-9 Oct 2012 storm. (a) Solar wind dynamic pressure, 474	

(b) solar wind velocity along the x direction, (c) interplanetary magnetic field in z 475	

direction in GSM coordinate, (d) SYM-H, and (e) AL. (f-h) Electron fluxes measured by 476	

the REPT instrument on Van Allen Probes averaged over each 3-hour bin at three 477	

different energy channels. (i) Electron phase space density (PSD) calculated for  = 3433 478	

MeV/G and K = 0.11 REG1/2, (j) maximum electron PSD over 2.5-6 RE (PSDmax) in each 479	

3-hour bin. (k) Chorus wave amplitudes averaged over all MLT sectors as a function of 480	

L-shell. The vertical magenta line represents the zero epoch time used to perform the 481	

superposed epoch analysis. 482	

Figure 2. The same format as Figure 1 but for an example of an inefficient acceleration 483	

event.  484	

Figure 3. Superposed epoch analysis results of solar wind parameters, magnetopause 485	

location (LMP), geomagnetic indices, and electron and chorus wave evolution for 16 486	

efficient acceleration (EA) events. Superposed epoch analysis results of (a) solar wind 487	

dynamic pressure, (b) solar wind velocity, (c) Bz, (d) magnetopause location on the 488	

subsolar distance, (e) SYM-H, (f) AL, and (g) PSDmax, where the red solid and dashed 489	

line represent the mean and median values respectively. (h) Superposed epoch analysis 490	

result of chorus wave intensity averaged over all MLT sectors using the POES technique 491	

as a function of L-shell. The dashed vertical black line represents the zero epoch time. 492	

Figure 4. The same format as Figure 3 but for the superposed epoch analysis results of 493	

17 inefficient acceleration (IA) events.  494	



Figure 5. Comparison of the superposed epoch analysis results during EA and IA events. 495	

(a-g) The same format as Figures 3a-3g, but overplotted for both EA (red) and IA (blue) 496	

events in the same panel. (h) Superposed epoch analysis result of chorus wave intensity 497	

using the POES technique during EA and (i) IA events. 498	
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